ABSTRACT Multiple-input multiple-output orthogonal frequency division multiplexing with index modulation (MIMO-OFDM-IM) is a relatively new multicarrier transmission technique for the MIMO systems to achieve both energy and spectral efficiency. However, due to the dependence of subcarrier symbols introduced by the index modulation, existing MIMO detection techniques cannot be applied in MIMO-OFDM-IM as it will lead to erroneous detection on index information of the active subcarriers and further deteriorate the system performance. In this paper, we first develop an optimal detection algorithm with reduced complexity for MIMO-OFDM-IM by performing the subcarrier-wise detection under the constraint on the legal subcarrier combination within each OFDM-IM subblock. To further reduce the computational complexity, we then propose a low-complexity subcarrier-wise algorithm based on the deterministic sequential Monte Carlo technique to achieve near-optimal detection for MIMO-OFDM-IM. Specifically, the near-optimal detector applies the QR decomposition to generate an upper triangular structure and draw antenna-wise samples at the subcarrier level. Computational simulations and complexity analysis show that the proposed algorithms provide similar performance to optimal one with reduced computational complexity.
I. INTRODUCTION
Orthogonal frequency division multiplexing (OFDM) is one of the most popular multicarrier transmission techniques that prevails in various applications of wireless communications [1] - [3] . It is well known that OFDM enjoys high spectral efficiency and is effective in combating the severe intersymbol interference (ISI) by converting a frequencyselective channel into multiple parallel flat fading channels [3] . Recently, a novel multicarrier transmission scheme called OFDM with index modulation (OFDM-IM) has emerged as a promising application of the index modulation (IM) concept. One key feature of IM is that part of the information is embedded on indexes of the activated media, in which the representative media are antenna and subcarrier [4] - [8] . Specifically, by activating a subset of subcarriers to carry multiple modulated symbols simultaneously in OFDM-IM, the information bits are conveyed in not only the constellation domain but also the index domain in terms of the active subcarrier indexes [9] - [11] . Compared with conventional OFDM, OFDM-IM shows to achieve much better error performance and higher energy-efficiency for low-to-mid spectral efficiencies. Moreover, OFDM-IM enables a favorable trade-off among the energy efficiency, the spectral efficiency and the system performance by adjusting the number of active subcarriers. Attributed to its flexible design and promising properties, OFDM-IM has received significant attention and a number of recent works have addressed various aspects of OFDM-IM. Both localized subcarrier grouping and interleaved subcarrier grouping schemes for OFDM-IM system are studied in [12] , [13] . OFDM-IM with coordinate interleaving principle to obtain additional diversity gain is developed in [14] . A low-complexity maximum likelihood (ML) for OFDM-IM is proposed in [15] , in which the exact coding gain has been derived. The mutual information and the spectral efficiency of the OFDM-IM are investigated recently in [16] and [17] .
Multiple-input multiple-output (MIMO) is another promising technique that has received great attention due to its significant improvement in the transmission rate and error performance [18] - [20] . The combination of MIMO and OFDM (i.e., MIMO-OFDM) has been recognized as one of the most competitive technologies for the next generation wireless communication [21] , [22] . Recently, by introducing the OFDM-IM scheme to the MIMO system, an alternative transmission solution termed as MIMO-OFDM with IM (MIMO-OFDM-IM) is studied in [23] , which exhibits better error performance and provides more flexible design than the classical MIMO-OFDM. The bit error rate (BER) performance of MIMO-OFDM-IM is studied in [24] , which exhibits superior error performance over the classical MIMO-OFDM. In MIMO-OFDM-IM scheme, multiple antennas transmit multiple independent OFDM-IM blocks simultaneously, resulting in significant spectral efficiency improvement over OFDM-IM that scales with the number of transmit antennas. However, due to the dependence of subcarrier symbols introduced by the IM and the inter-antenna interference, the detection of the MIMO-OFDM-IM signals becomes a challenge problem. For example, the ML detector performs the brute-force search over all possible active subcarrier combinations within multiple OFDM-IM subblocks and the corresponding modulation symbols over multiple antennas, resulting a complexity that increases exponentially with the number of transmit antennas and the size of OFDM-IM subblock, which is prohibitively high and very impractical for the real system. Attentive to this issue, several reduced-complexity detectors based on the minimum-mean-square-error (MMSE) criterion are proposed for the detection of MIMO-OFDM-IM, which, however, suffer from significant performance loss and are still far from optimal. Although the subblock-wise detector derived from the sequential Monte Carlo (SMC) theory shows to achieve near-optimal performance with reduced computational complexity, its decoding complexity can become less impressive when the size of the OFDM-IM subblock grows much larger [25] .
In this paper, we first develop an optimal detection algorithm with reduced complexity for MIMO-OFDM-IM by decomposing the brute-force maximum a posteriori (MAP) detection into two stages sequentially. Specifically, in the first stage of the proposed optimal detection algorithm, it performs the brute-force MIMO detection for each subcarrier in parallel neglecting the dependence of the subcarriers. Then, in the second stage, it concatenates the results from different subcarriers and searches for the optimal subblock-wise result that first meets the constraint on the legal subcarrier combination within each OFDM-IM subblock. To further reduce the computational complexity, we then propose a low-complexity subcarrier-wise algorithm based on the deterministic SMC technique to achieve near-optimal detection for MIMO-OFDM-IM, which also includes two stages. In particular, the near-optimal detectors apply the QR decomposition to generate an upper triangular structure and draw antenna-wise samples at the subcarrier level. Among the fixed number of candidates for each subcarrier in parallel, the SMC based detector concatenates the subcarrier-wise results from different subcarriers and searches for the subblock-wise result that first meets the constraint on the legal subcarrier combination within each OFDM-IM subblock. Finally, complexity analysis evaluated by the complex multiplications (CMs) and simulation results in terms of BER corroborate the superiority of the proposed algorithms over their existing counterparts in MIMO-OFDM-IM systems.
The rest of this paper is organized as follows. Section II describes the signal model of MIMO-OFDM-IM. In Section IV, an optimal subcarrier-wise MAP detector and a low-complexity subcarrier-wise SMC based detector are proposed. Section V provides the computer simulation and numerical results. Finally, conclusions are given in Section VI.
Notation: Bold, lowercase and capital letters are used for column vectors and matrices, respectively. (·) T and (·) H denote transposition and Hermitian transposition, respectively. diag {x} returns a diagonal matrix whose diagonal elements are included in x. X ∼ N 0, σ 2 x represents the distribution of a zero mean circularly symmetric complex Gaussian random variable X with variance σ 2
x . C (n, k) denotes the binomial coefficient, where we define n ≥ k. · is the floor function and ∅ denotes the empty set. |·| denotes the absolute value of a complex vector. S denotes the complex symbol constellation of size M and s ∈ S denotes the symbol in S. The order of detection complexity with respect to the constellation size is denoted by O (·). X (b) (n) denotes the b-th particle drawn by the SMC sampling at the n-th sample interval, and its associated importance weight is defined as ψ X (b) (n) .
II. SYSTEM MODEL
In this paper, we consider an MIMO-OFDM-IM system equipped with N t transmit antennas and N r receive antennas, as shown in Fig. 1 . The block diagram of OFDM-IM at each transmit antenna is given in Fig. 2 . As seen from Fig. 1 , a data stream of mN t information bits enters the MIMO-OFDM-IM transmitter, which is equally divided into N t groups for each transmit antenna. The corresponding m bits are to be processed independently to form an N × 1 OFDM-IM block at each transmit antenna, where N is the total number of subcarriers available in each OFDM-IM block. According to the OFDM-IM principle [11] , the available N subcarriers in each OFDM-IM block are divided into G subblocks, each of which contains N s = N G subcarriers. Correspondingly, these m bits for each antenna are divided into G subgroups for G OFDM-IM subblocks, each of which contains p = p 1 + p 2 bits. The first p 1 bits are used for index modulation to select K out of N s subcarriers as the active subcarriers, and the remaining p 2 bits are used to generate K modulated symbols.
For the index modulation in each branch, there are N c = 2 p 1 ≤ C (N s , K ) combinations are used as legal active index combinations (AICs). In this paper, we define the activated subcarriers, and an example is given in Table 1 . Further, we let I g t (i) denote the AICs of the g-th
The output of the M -ary symbol modulator at the t-th transmit antenna, which carries p 2 = K log 2 M bits, is given by s T can be obtained as
After all subblocks of the t-th antenna are obtained, we concatenate these G subblocks to form a complete
. Then a G × N block interleaver ( ) is employed at each transmit antenna before an Inverse Fast Fourier Transform (IFFT) is performed. The time-domain OFDM-IM block in each branch is appended with a cyclic prefix (CP) of N cp samples, which is longer than the maximum delay spread of the channel, before being sent through the frequency-selective Rayleigh fading MIMO channel.
At the receiver, the time-domain signal after the removal of CP is performed an FFT to obtain the frequency-domain signals. After the G × N s block deinterleaving operation ( −1 ) in each branch, the received frequency-domain signals of the g-th MIMO-OFDM-IM subblock at the r-th (1 ≤ r ≤ N r ) receive antenna can be expressed as T denotes the N s × 1 receive signal vector, γ = N s K is the power factor applied at the transmitter to balance the total transmit power, which is referred to as the power reallocation [11] , [25] , h g r,t and u r denote the N s ×1 channel frequency responses (CFRs) vector between transmit antenna t and receive antenna r and the N s × 1 zero-mean additive white Gaussian noise (AWGN) vector with variance N 0 for the g-th subblock, respectively. Since each subblock can be detected separately, in the following we drop the notation of g.
In this paper we will focus on subcarrier-wise symbol detection. Considering an arbitrary subblock, we collect the received symbols from all antennas in the n-th subcarrier as y(n) = [y 1 (n), y 2 (n), · · · , y N r (n)] T and we have
where
T in which h m,k (n) is the channel response of the n-th subcarrier between the m-th transmit antenna and the k-th receive antenna. We assume that the channel state information (CSI) is perfectly known at the receiver and remains constant during the transmission of an MIMO-OFDM-IM block. The signal model in (3) is identical to flat-fading MIMO model that has been well studied in the literature. However, since in index modulation only partly subcarriers are activated, x(n) is made up of the zero symbol and the complex modulated symbols in S. We can regard the zero symbol as an additional symbol in the constellation, i.e.,S = {0, S}.
III. SUBBLOCK BASED BRUTE-FORCE MAP DETECTOR
In this section we will derive the optimal MAP detector as a benchmark. Note that index modulation is performed within one subblock. As the acrive state of the subcarriers are correlated within one subblock, the brute-force MAP detector needs to detect the AICs and the modulated symbols jointly for each MIMO-OFDM-IM subblock. By staking the received signal vectors in (3) for N s consecutive subcarriers in the target subblock, we obtain
where y is the N s N r × 1 vector of the received signals after stacking for the considered MIMO-OFDM-IM subblock, 0 denotes the all-zero matrix with dimension N r ×N t , H is the N s N r ×N s N t block-diagonal channel matrix, x is the N s N t ×1 equivalent transmitted symbol vector, and u is the N s N r × 1 noise vector. The brute-force MAP detector for the considered MIMO-OFDM-IM subblock can be performed aŝ
where p (x) denotes the a priori probability of the equivalent transmitted symbol vector and M is the set of all possible transmitted symbol vectors at the transmitter, which has N c N t M KN t possible realizations according to the independent index modulation in each branch.
Since the index modulation in each antenna is independent, we have p(x) = p(x 1 ) · · · p(x N t ), where p(x k ) with k = 1, · · · , N t denotes the probability of each AIC in the index modulation. This probability is usually known to the received. If all the realizations have identical probabilities, the symbol detection criterion can be simplified tô
Obviously, although the brute-force MAP detector achieves the optimal BER performance, its computational complexity increases exponentially with the size of the OFDM-IM subblock and the number of the transmit antennas, which is infeasible for the practical implementation at the receiver.
IV. LOW-COMPLEXITY SUBCARRIER-WISE MAP DETECTOR FOR THE MIMO-OFDM-IM SYSTEM
The brute-force detector needs to search for the optimal realization of x in three dimensional space of antenna, subcarrier and constellation symbols. To save the computation, in this section we will introduce two algorithms, in which symbol detection will be implemented in subcarrierwise separation manner, and then the most-likely results in each subcarrier will be properly paired to form the final estimate.
Consider the n-th subcarrier of an arbitrary subblock. It is obvious that part of the antennas may not be activated due to the independent index modulation at each transmit antenna, i.e., x(n), will contain α M -ary modulated symbols and N t −α zero elements, where α range from 0 to N t . Obviously, as the active state of each subcarrier corresponding to each transmit antenna in x(n) is independent and ergodic, x(n) has N p = 2 N t possible active state patterns (ASPs). In this paper, we use
denote the N p ASPs of x(n). We set a k,i = ''1 when the i-th transmit antenna is activated and a k,i = ''0 otherwise. An example of the ASPs for a 3 × 3 MIMO-OFDM-IM symtem is given in Table 2 .
A. ALGORITHM 1: SUBCARRIER BASED BRUTE-FORCE DETECTOR
The brute-force MAP detector, when directly applied to signal model (3), can be presented aŝ
∝ arg max
where X denotes the allowable set of the transmitted symbol vectors. SinceS contains zero and other regular constellation symbols, the elements inS may have the different a priori probabilities and the a priori probabilities of the transmitted symbol vectors x(n) are unequal. Therefore, p (x(n)) can not be ignored in the calculation of (9). Next we will show how to calculate p (x(n)). According to the index modulation scheme, the a priori probability of the symbol in the MIMO-OFDM-IM subblock transmitted by the t-th (1 ≤ t ≤ N t ) transmit antenna is given as
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and the a priori probability of the transmitted symbol vector x(n) can be calculated via
with n = 1, 2, . . . , N s . Considering x(n) has N p ASPs, the allowable transmitted symbol vector set of x(n) can be divided into N p independent subsets according to the ASPs, which are defined as X i with i = 1, 2, . . . , N p . For a given ASP, the signal detection process can be regarded as a traditional MIMO signal detection problem, which has been well investigated and many existing algorithms can be applied. Ref. [26] provides an comprehensive review. For the detection of the n-th (1 ≤ n ≤ N s ) subcarrier, all ASPs are evaluated with the signal model in (9) with the corresponding allowable transmitted symbol vectors set. The optimal solutions associated with all ASPs are compared to produce the final detection result. The algorithm flow is summarized as follows.
• step 1. Based on the received signal model (3), calculate the a posteriori probabilities according to the allowable transmitted symbol vectors corresponding to the given ASP based on (9).
• step 2. For the given ASP, only the realization of x(n) with the highest a posteriori probability is stored.
• step 3. Repeat step 1-step 2 for all ASPs and obtain the optimal solution by comparing among the most-likely transmitted symbol vectors of all ASPs, which is defined byx (n).
• step 4. For all subcarriers repeat step 1-step 3 until obtain the optimal most-likely transmitted symbol vectors of all the subcarriers. When the symbol estimates in all subcarriers are obtained, we cascade all the estimates asX = [x(1), · · · ,x(N s )] and check the validity of the AIC in each transmit antenna level. If the obtained AICs in all transmit antenna levels are legal,X is regarded as the final symbol estimate. Otherwise, subblock-wise searching is required to resolve the optimal legal solution. We note that it is not necessary to apply the brute-force MAP detector in the previous section because the a posteriori probabilities calculated during subcarrierwise evaluation can be applied to resolve the legal AICs. The subblock-wise searching proceed as follows.
• step 1. Evaluate all possible AICs of all transmit antenna levels by combining the a posteriori probabilities of the most-likely transmitted symbol vectors of the corresponding ASPs.
• step 2. The estimate of the MIMO-OFDM-IM subblock can be obtained as the combination with the largest a posteriori probability calculated in step 1. The computational complexity in terms of the CMs of the subcarrier-wise brute-force MAP (SW-MAP) detector per subcarrier is N r (N t + 1) (M + 1) N t . If the subcarrier bruteforcing detection results in illegal AIC, the subblock-wise searching process requires (N c ) N t evaluations to resolve legal AICs. In the high SNR region, it is very likely that the obtained AICs of the subcarrier-wise detector are legal and consequently the subblock-wise searching is not activated. Computer simulation will provide some illustrative results.
B. ALGORITHM 2: HYBRID SMC BASED DETECTOR
In the subcarrier-wise detection, we need to calculate the most-likely transmitted symbol vectors associated with all ASPs, which is costly for the MIMO system with large number of the transmit antenna, since the ASPs for the transmitted symbol vector increase rapidly with the number of the transmit antennas. To reduce the computational complexity, we propose a hybrid subcarrier-wise SMC (HSW-SMC) based detector, which detects the ASPs and the corresponding most-likely transmitted symbol vectors jointly based on the SMC theory. In the HSW-SMC detector, we simply regard the zero symbol as a common symbol as the other symbols inS and detect the received signals as the traditional MIMO systems. Before the detection of the n-th (1 ≤ n ≤ N s ) subcarrier, we first calculate the noise whitening matrix as the deterministic SMC algorithm in [27] for the traditional MIMO signal detection = ((H(n)) H H(n)) 1/2 , and left multiply y(n) in (9) with the channel matched filter matrix (H(n))
H and the inverse of the noise whitening matrix ( ) −1 . The output can be expressed as
whereȳ(n) denotes the processed received signal vector, u(n) = ( ) −1 u(n) denotes the processed AWGN vector. Then we apply the QR decomposition to matrix . Let the QR decomposition of be denoted as = QR, where Q is an N t ×N t unitary matrix and R is an N t ×N t upper triangular matrix. By left multiplication ofȳ(n) with (Q) H , the received signal model can be expressed as
Hū (n) is still an N t × 1 AWGN vector with zero mean and unit variance since matrix Q is unitary.
According to the SMC theory [27] - [32] , we do not calculate the a posteriori probability given in (9) directly, but numerically approximate the a posteriori probability step-bystep. Considering the signal model in (13) and the method of the successive interference cancellation (SIC) in the MIMO system detection, we detect the symbols inỹ (n) from the N t -th symbol to the first symbol. Note that the realizations of x(n) have unequal probabilities, p (x(n)) can not be ignored in the calculations. The deterministic SMC method iteratively enumerates the particles from antenna N t down to the first antenna. When reach the l-th antenna level, maximally there will be 2 N t −l ASPs. Instead of keeping a fixed number of the particles for each sample interval, we resort to keep at least θ ASPs in the particles as the most-likely ASPs when reaching the final symbol. In this paper, we will not fix the number of the particles. The number of the particles will linearly increase when we enumerate the particles from antenna N t down to the antenna l when 2 N t −l ≤ θ , which is given by β = (N t − l) (M + 1). But when there are θ ASPs in the particles, the number of the particle will not increase anymore. To avoid the infinite increasing of the particles in the calculation, we set a maximum number of the particles kept at each antenna level in the calculation, i.e, β ≤ β max .
Based on the received signal model in (13), the importance weight at the l-th (N t ≥ l ≥ 1) antenna level can be updated as
where 
N t +1 (n) = ∅ is defined. The conditioned importance weight at the l-th antenna level can be calculated as
where the a priori probability p (s) is given in (10). When θ most-likely ASPs and the corresponding most-likely transmitted symbol vectors for the n-th subcarrier are obtained, we sort them in descending order according to the a posteriori probabilities based on (9). We definex (k) (n) with k = 1, 2, . . . , θ to denote the sorted most-likely transmitted symbol vectors at the n-th subcarrier. Let us define a N s × θ matrix L to store the corresponding a posteriori probabilities of θ most-likely transmitted symbol vectors at each subcarrier, where the (n, k)-th entry of the matrix is given by
After N s -successive detections, we first check the validity of the combination consist of the most-likely transmitted symbol vector with the largest a posteriori probability at each subcarrier, which is given asX = x (1) (1) ,x (1) (2) , . . . ,x (1) (N s ) . If the AICs of the OFDM-IM subblocks inX are all legal, the estimate of the considered MIMO-OFDM-IM subblock can be obtained aŝ X =X. Otherwise, we propose a sphere decoding-like active state search algorithm with N s subcarrier levels to obtain the estimate of the MIMO-OFDM-IM subblock.
To perform active state search algorithm, we first establish a illegal active state table according to the index modulation scheme employed to avoid the illegal AIC at each antenna level in the search process. In the active state search algorithm, we perform the search from the first subcarrier level to the N s -th subcarrier level and only keep at most B combinations at each subcarrier level to reduce the search complexity. Let us defineX (2) , . . . ,x (l n ) (n) with r = 1, 2, . . . , B, l * ∈ {1, 2, . . . , θ } as the obtained combinations at the n-th (1 ≤ n ≤ N s ) subcarrier level, which are sorted according to the a posteriori probabilities of the combinations. For the calculation at the n-th (1 ≤ n ≤ N s ) subcarrier level, the combinations based on the obtained combinations at the (n − 1)-th subcarrier level are given as X n = X (r) n−1 ,x (l n ) (n) , and the a posteriori probabilities of X n can be calculated as
with r = 1, 2, . . . , B, l n = 1, 2, . . . , θ , where P n−1
denotes the a posteriori probability of the combinationX Fig. 3 and the illegal active state table is shown in Table 3 , where we use ''1" to denote the active state of the subcarriers in the OFDM-IM subblock and ''0" to denote the inactive state. We also find the active state search algorithm with illegal path table is suitable for the index modulation scheme with look-up table method.
After calculating the a posteriori probabilities of the combinations of each subcarrier level based on (16), we begin to check the validity of the OFDM-IM subblock in each antenna level in the combinations as the order of the the a posteriori probabilities. For an example of the check process of the combination at the third subcarrier level is given bȳ
whereX 3 is the combination candidate being evaluated. The obtained active states of the OFDM-IM subblock in all antenna levels are {1, 1, 0}, {1, 1, 1}, {1, 0, 0} and {0, 1, 1}, respectively. In the check process, we check the validity of the OFDM-IM subblock from the first antenna level to last antenna level. According to Fig. 3 and Table 3 , it can be observed that the active state corresponding to the antenna level 2, {1, 1, 1}, is in the illegal active state table. Hence this combination candidate is discarded directly. We only keep the combinations whose active states of the OFDM-IM subblocks of all the antenna levels in the combination are legal. After B most eligible combinations are obtained, we cease the active state check process and begin the calculation of next subcarrier level.
The algorithm flow is summarized as follows.
• step 1. Set the value of θ and apply the deterministic SMC algorithm [27] to solve the symbol detection problem based on (3). Store the obtained best θ ASPs, and their associated most-likely transmitted symbol vectors and the a posteriori probabilities.
• step 2. For all subcarriers repeat step 1.
• step 3. Combine the optimal most-likely transmitted symbol vectors estimated from all subcarriers and check the validity of the AICs in each antenna level. If the AICs in all the OFDM-IM subblock are legal, the symbol estimates from individual subcarrier are combined to form the final estimates and end the algorithm. Otherwise, go to step 4.
• step 4. Combine the obtained θ most-likely transmitted symbol vectors of different subcarriers from the first subcarrier up to the last subcarrier. When a new subcarrier is combined, the validity of the active states in all the antenna levels are checked according to Fig. 3 and Table 3 . The combinations with illegal active state are discard. Store at least B best combinations with legal active states. When the N s -th subcarrier has been combined, we choose the combination with highest a posteriori probability as the final MIMO-OFDM-IM subblock estimate. The computational complexity in terms of the CMs for the detection of each subcarrier is less than 2(N t ) 3 (N t + 1) β max , since the real number of the particles in the calculations is always less than β max . If the SMC detector result in illegal AIC, the active state tree search algorithm requires θ 2 + (N s − 2) Bθ evaluations per subblock, which is considerably less than that of the subblock-wise exhaustive search. Moreover, the active state search algorithm can provide a trade-off between the error performance and the search complexity by adjusting the number of the combinations B kept at each subcarrier level.
V. SIMULATION RESULTS AND COMPARISONS
In this section, we perform the computer simulations to verify the error performance of the proposed subcarrier-wise detectors for the MIMO-OFDM-IM systems. We consider an MIMO channel with frequency-selective Rayleigh fading in the simulations, whose maximum delay spread is less than 12 sampling periods. Moreover, we assume that the receiver have the perfect knowledge of channel state information (CSI) while the transmitter has no such knowledge at all. In the following simulations, each OFDM-IM block consists of N = 512 subcarriers and is appended with a CP of length N cp = 16. The numbers of the transmit and receive antennas are equal in the simulations, i.e., N t = N r . The parameters in the HSW-SMC detector are set as β max = ξ θ and B ≥ θ . The detectors proposed in [24] and [25] are applied for comparison in this paper. Fig. 4 shows the BER comparison results of different detectors for the MIMO-OFDM-IM system with N t = N r = 2, K = 2 and 4-QAM modulation. As expected, the SW-MAP achieves the same BER performance as the brute-force MAP detector with considerably reduced computational complexity. Considering there are only N p = 2 N t = 4 ASPs when N t = 2, we set θ = 4 and ξ = 3 in the HSW-SMC detector. As seen in Fig. 4 , the proposed HSW-SMC detector achieves near-optimal BER performance with considerably low computational complexity, which only suffers tiny BER performance loss compared with the optimal MAP detector. The subblock-wise SMC detector achieves near-optimal BER performance, while the subcarrier-wise SMC detector suffers from a slight performance loss compared with other SMC based detectors. The MMSE-LLR and MMSE-LLR-OSIC detectors suffer from a significant performance loss compared with other detectors.
A. ERROR PERFORMANCE COMPARISON
In Fig. 5 , we compare the BER performance of different types of detectors for the MIMO-OFDM-IM system with N t = N r = 4, N s = 4, K = 2 and 4-QAM modulation. Since the subblock-wise brute-force MAP detector requires an immense amount of computational complexity, its BER curve is not shown in Fig. 5 , and only the BER curve of the SW-MAP detector is provided for high order MIMO configurations. As seen from Fig. 5 , the proposed HSW-SMC detector with θ = 12 and ξ = 3 achieves near-optimal BER performance with considerably low computational complexity. Comparing Fig. 4 , we find that the HSW-SMC detector outperforms the subblock-wise SMC and subcarrier-wise SMC detectors with fewer particles. The MMSE-LLR detector suffers from a significant performance loss compared with the SW-MAP detector and the SMC based detectors, since the diversity order of the MMSE-LLR detector is equal to one. The performance of the MMSE-LLR-OSIC detector is better than that of the MMSE-LLR detector as the number of the receive antennas increases at the cost of a higher complexity. Fig. 6 shows the BER comparison of different detectors for the MIMO-OFDM-IM system with N t = N r = 4, N s = 4, K = 3 and BPSK modulation. The parameters in the HSW-SMC detector are given as θ = 8 and ξ = 4. It is observed that the HSW-SMC detector achieves near-optimal performance and its performance gain over the subblock-wise SMC detector and the subcarrier-wise SMC detector becomes smaller when the number of the activated subcarriers K increases. The BER performance of those SMC based detectors improves rapidly as the number of the receive antennas increases, since the SW-MAP detector and the SMC based detectors can achieve the diversity order of N r . The MMSE-LLR-OSIC detector is more susceptible to the number of the activated subcarriers in the OFDM-IM subblock than the MMSE-LLR detector.
In Fig. 7 , we compare the BER performance of different detectors for the MIMO-OFDM-IM system with N t = N r = 6, N s = 4, K = 2 and 4-QAM modulation. Considering the number of the ASPs is N p = 2 N t = 64 for 6 × 6 MIMO configuration, the parameters in the HSW-SMC detector are set as θ = 20 and ξ = 2.5. From Fig. 7 , we observe that the number of the particles needed for the HSW-SMC detector to achieve near-optimal performance only increases a little as the number of the transmit antennas increases. This can be understand since the most-likely ASPs as well as the corresponding most-likely transmitted symbol vectors of each subcarrier always have larger a posteriori probabilities, so that the needed particles to achieve the nearoptimal performance maintain a magnitude which increases slowly as the number of the transmit antennas increases. By comparing Figs. 4, 5 and 7, we find the performance gain of the HSW-SMC detector over the subblock-wise SMC detector and the subcarrier-wise SMC detector becomes VOLUME 5, 2017 larger as the number of the receiver antennas increases. This can be explained by the fact that the HSW-SMC detector performs in subcarrier-wise independently, which can avoid the influence of other subcarriers in the MIMO-OFDM-IM subblock. The performance gain of the SMC based detectors over to the MMSE-LLR and MMSE-LLR-OSIC detectors becomes larger as the receive antennas increase.
B. COMPLEXITY COMPARISON
In this subsection, we compare the computational complexity in terms of the CMs performed per subcarrier for different detectors. Since the proposed subcarrier-wise detectors are preformed in two steps and there are no CMs in the second step, therefore we simply take one scalar multiplication operation performed in the second step as one CM operation. A brief summary of the computational complexity per subcarrier for different detectors is given in Table 4 , where the parameters = 1 in the subblock-wise SMC detector and the subcarrier-wise detector, and p e denotes the probability thatX has illegal AICs.
As seen from Table 4 , the CMs of the proposed SW-MAP detector are considerably lower than that of the subblockwise brute-force MAP detector for MIMO-OFDM-IM, which approximates to that of the brute-force MAP detector for classical MIMO-OFDM N r (N t + 1) M N t . The proposed HSW-SMC detector achieves considerably low computational complexity compared with that of the SW-MAP detector for MIMO-OFDM-IM. Comparing the numerical results from Figs. 4 to 7, we observe that the HSW-SMC detector achieves better BER performance than the subcarrier-wise SMC detector with lower computational complexity. This can be understood since the HSW-SMC detector performs in two steps, which can effectively avoid the influence of other subcarriers. Since the subblock-wise SMC detector draws particles from the set of the allowable transmitted symbol vectors of the OFDM-IM subblock, its computational complexity increases exponentially with the size of the OFDM-IM subblock and the number of the activated subcarriers in the OFDM-IM subblock. As the HSW-SMC and the subcarrier-wise SMS detectors are performed in subcarrierwise, their computational complexity is considerably lower than that of the subblock-wise SMC detector especially when the size of the OFDM-IM subblock and the number of the activated subcarriers in the OFDM-IM subblock are large. The computational complexity of the MMSE-LLR detector and the MMSE-LLR-OSIC detector is more susceptible to the number of the transmit antennas compared with the SMC based detectors.
In Fig. 8 , we compare the computational complexity in terms of the average scalar multiplications performed per MIMO-OFDM-IM subblock for the proposed SW-MAP detector and the HSW-SMC detector in the second step corresponding to Figs. 6 and 7. We observe that the computational complexity of the proposed subcarrier-wise detectors is dynamic, which decreases rapidly as the SNR increases and is approximately equal to zero in the SNRs region larger than 10 dB. This can be explained by the fact that the probability p e declines quickly as the SNR increases and is approximately equal to zero at high SNRs. As seen in Fig. 8 , the computational complexity of the active state search algorithm is considerably lower than that of the exhaustive search of all allowable combination of the AICs. Comparing the simulation results from Figs. 4 to 7, we observe that the active state tree search algorithm has potential to achieve nearoptimal error performance as the exhaustive search algorithm if the parameter B is large enough. Moreover, the HSW-SMC detector can provide a trade-off between BER performance and computational complexity by adjusting the number of the ASPs kept in the particles in the first step and the number of the kept combinations at each subcarrier level in the second step.
VI. CONCLUSION
In this paper, we have proposed two subcarrier-wise detectors for the MIMO-OFDM-IM system. The proposed SW-MAP detector achieves the same BER performance as the subblock-wise brute-force MAP with considerably reduced computational complexity. To further reduce the computational complexity, we have proposed a HSW-SMC detector, which achieves near-optimal error performance. The HSW-SMC detector estimates the most-likely ASPs as well as the corresponding most-likely transmitted symbol vectors jointly. When the combination with the largest a posteriori probability at each subcarrier level in the HSW-SMC detector has illegal AICs, we have proposed a low-complexity sphere decoding-like active state search algorithm to obtain the estimate of the MIMO-OFDM-IM subblock, which achieves near-optimal performance with considerably low computational complexity. Computer simulations and numerical results have demonstrated the outstanding performance and the low computational complexity of the proposed subcarrierwise detectors.
